Abstract: A study of the Mut + phenotype for the expression of recombinant hepatitis B surface antigen (HBsAg) in Pichia pastoris strain GS115 using the pPIC3.5K vector with a two-phase fed-batch protocol in a shake flask system is described. Expression levels of HBsAg protein of 6.74 g L -1 Dry Cell Weight (DCW) and 26.07 mg L -1 of HBsAg concentration were achieved 48 h from the induction point which added to a 120 h reduction in production period in comparison with Mut S expression (168 h). The use of the pPIC3.5K-HBsAg plasmid in the Mut + phenotype enhanced the expression of HBsAg by a nearly 13 times higher volumetric productivity in the first 24 h and 35 times higher at peak production concentration. Comparison of AOX expression cassettes relative to the HBsAg gene in the role of mRNA secondary structure during translation initiation revealed that HBsAg possesses lower folding stability with AOX1 Mut + phenotype. The results from this study demonstrated that expression of HBsAg with Mut + AOX1 promoter is adequate as an alternative for the production of HBsAg. In addition, the AOX promoter of the Mut + phenotype was observed to be better suited for HBsAg expression, which correlates with the ease of translation initiation under shake flask conditions.
Introduction
Hepatitis B poses a major public health problem in many parts of the world, in particular developing countries in Asia, which comprise populations that show high endemicity of chronic hepatitis B virus (HBV) infection [1, 2] . The World Health Organization estimated that in 2013 there was a reservoir of more than 240 million chronic carriers of HBV and about 600,000 people die every year due to the consequences of hepatitis B [3] . Current medical therapies to treat the disease have limited effectiveness in HBV suppression and viral clearance, and vaccination remains an effective way to prevent HBV infection and may help to reduce the prevalence of hepatitis B surface antigen (HBsAg) carriers [4] . The Small HBsAg S protein (226 amino acids), the most abundant of the HBsAg, contains antigenic properties that evoke protective humoral immune response in humans. Thus, it is considered to be antigenically most significant from a vaccine development point of view [5] [6] [7] . In addition, HBsAg are also needed to develop sensitive and specific immunoassays for in vitro diagnosis of anti-HBs antibodies as capture agents and reference markers [8, 9] . Recombinant HBsAg has been successfully produced from the Pichia pastoris expression system and its advantages have been vastly reviewed in the literature [10] [11] [12] . It was well-documented that expressions were normally carried out with the use of Mut S phenotype of P. pastoris, under the control of the AOX2 promoter. Since the cells must then rely on the weaker AOX2 for methanol metabolism, a slower growing and slower methanol utilization strain is produced [8, 13] . Although this process has been shown to be effective in the expression of HBsAg, the time required to achieve peak product concentration is often long (~168-240 h), resulting in a higher production cost. Alternatively, Mut + phenotype was reported to offer a shorter period of expression for heterologous protein as it enables rapid growth rates and demonstrated higher productivities due to its ability to break down and utilize methanol during expression [14, 15] . However, previous study of the Mut + phenotype for HBsAg expression was regarded as unfavourable, mainly due to its high demand for oxygen in high density cell cultures that creates oxygen limitation [16] . On the other hand, more recent studies have shown that oxygen limited fed-batch expression may prove advantageous in producing higher cell growth density and obtaining higher product concentration [8, 17] .
It is noted that the common practice for recombinant HBsAg production in P. pastoris, through the AOX1 promoter, is usually performed in three to four phases [18] . Under these conditions, the concentration of methanol used as carbon source is usually low and the growth rate of the cultures is limited to ensure a smooth adaptation of cells from glycerol to methanol as the sole carbon source [17] . Glycerol and methanol mix-feeding fed-batch has also been introduced, which could lead to an increase in production time and cost [19] . On the contrary, there have been instances where the adaptation of cells from one carbon source to another during the transition phase was observed to be unnecessary [20, 21] . The present work analyzes the expression of recombinant HBsAg in the Mut + phenotype of P. pastoris strain GS115 using the pPIC3.5K vector in a shake flask system with a two-phase fed-batch protocol. This approach involves the growth of biomass in the presence of glycerol to generate sufficient biomass followed by direct transfer of the cells to methanol induction for expression [20] . We report on the effects of pPIC3.5K-HBsAg expression system on the production and the expression patterns of HBsAg. The expression of HBsAg was also compared with a Mut S phenotype by examining protein profiles of the expressed proteins, levels of productivity and the effect of AOX1 and AOX2 mRNA secondary structures during translation initiation in relation to HBsAg gene expression.
Experimental Procedures

Strain and Vector
The P. pastoris strains GS115 and KM71 are histidinerequiring auxotrophs. The intracellular expression vectors pPIC3.5K and pA0815 (Invitrogen, USA) were used in this study.
Transformation of P. pastoris
Transformation of multi-copies of the HBsAg gene into P. pastoris strain GS115 under the control of the AOX1 promoter was previously described [13] . The host GS115 is a wild type strain with regard to the AOX1 and AOX2 genes, and it grows on methanol at the wild-type rate [22, 23] . The AOX1 promoter in this host is utilized to express heterologous HBsAg gene (containing a translation start codon) cloned in the correct orientation using EcoRI and NotI cloning sites. Prior to transformation the inducible expression vector was linearized with SacI with the HBsAg gene sequences beginning from the initiator methionine and terminating after 681 bp of the HBsAg (for the S form) to be integrated in the AOX1 gene of the host. Such transformants retain their functional native AOX1 gene, are able to metabolize methanol actively and have phenotypically normal growth characteristics on methanol-containing medium (Mut + ). The resulting P. pastoris transformants will form Mut + and His + clones that can grow on methanol minimal media without histidine. Meanwhile, for the KM71 strain, the chromosomal AOX1 gene of the host is replaced with Saccharomyces cerevisiae ARG4 gene [22, 23] . For Mut S transformants, a similar molecular cloning procedure was done with the exception of linearization of expression plasmids (pAO815-HBsAg) with SalI before transformation of the plasmids into P. pastoris KM71 was performed [19] . Integration of pAO815-HBsAg plasmid linearized with Sal1 would produce Mut S and His + clones that have an inactive AOX1 gene, thus relying solely on AOX2 gene function for the utilization of methanol that will grow slowly in methanol as a carbon source. P. pastoris transformants were analyzed for the presence of the HBsAg gene insert by direct PCR screening using specific HBsAg primers [24] , listed in Table 1 
Shake flask culture conditions
Recombinant HBsAg production was carried out in laboratory-scale baffled Erlenmeyer shake flasks. Laboratory-scale fed-batch cultivations were conducted in 200 mL of buffered glycerol complex medium broth (BMGY) by inoculating the starter cultures (2.5% v/v) and grown at 30ºC with agitation (250 rpm) until maximum biomass concentration was reached (72 h at dry cell weight (DCW) of ~6.64 g L -1 ). Prior to the induction phase, the cultures were pelleted by centrifugation (2,860 x g, for 5 min at 4ºC) and re-suspended in 200 mL buffered methanol complex medium (BMMY) containing 1% final concentration of methanol to induce expression. 100% methanol was added to a final concentration of 1% every 24 h to maintain induction. Expression was extended to 144 h (Mut 
High pressure cell disruption
Cell disruption was carried out using a high pressure homogenizer (Emulsiflex-C50, Avestin, Canada). Cells were harvested and accumulated from fermentation culture by centrifugation (2,860 x g, 10 min, 4ºC), followed by two washes of 20 mM L -1 Tris-HCl pH 7.0 buffer. The concentration of biomass was measured accordingly to 7.70 g L -1 DCW and disrupted for 20 passes at 1,000 bar. For temperature control (maintained between 4 and 20ºC), cooling water was circulated into the tube side of the tube heat exchanger connected to the homogenizer [25] . 
Western blotting
Enzyme linked immune-sorbent assay (ELISA)
Detection of HBsAg was performed using ELISA assay according to the instructions provided by the manufacturer (SURASE-B96 ELISA kit specific for HBsAg detection, General Biologicals Corp, Taiwan). Briefly, cell extracts released from cell disruption were added into 96 well plates at a volume of 50 µL followed by the addition of another 50 µL of monoclonal antiHBsAg antibody conjugated to horseradish peroxidase (HRP). The mixture was then incubated for 80 min at 37ºC. Thereafter, the well containing the mixture was washed repeatedly for 3 times with 200 µL washing buffer (phosphate buffered saline (PBS), Tween-20) at 30 s intervals. The plate was then dried and 100 µL of 3,3',5,5'-tetramethylbenzidine (TMB) (0.6 g L -1 TMB, citric acid, 0.03% hydrogen peroxide (H 2 O 2 )) substrate was added to each well prior to incubation for 30 min at room temperature. 100 µL of 2N sulphuric acid (H 2 SO 4 ) was added prior to result observation with a reading wavelength of 450 nm and a reference wavelength of 650 nm using an ELISA reader (Tecan, Sunrise, Melbourne, Australia). To generate a standard curve, a series of dilutions containing 0 to 250 ng of HBsAg (Biodesign International, USA) was included in each assay [19] .
Biomass concentration
Biomass concentration was determined as DCW. Sample volumes of 1 to 10 mL of the P. pastoris culture were collected at time intervals and pelleted by filtering through pre-weighted filter papers. The cell pellet was then washed with two volumes of distilled water and dried at 37ºC until a constant weight was achieved.
Protein quantification
Total protein content was determined according to Bradford's method with bovine serum albumin (BSA) as standard [26] . Samples and standards were placed in the 96-well micro-plate and the absorbance was measured at 595 nm using a micro-plate reader (Tecan, Sunrise, Melbourne, Australia) controlled by the Magellan 4.0 PC data analysis software. Both samples and standards were analysed in triplicates. The results were found to be reliable (the relative coefficient (R 2 ) of the calibration curve of reference protein was above 0.99).
Analysis of mRNA secondary structure
Possible mRNA secondary structure formations were assessed by submitting the particular RNA sequence for analysis using Vienna RNA package online software (http://www.tbi.univie.ac.at/~ivo/RNA/). The prediction of the secondary structures was assessed by nucleotide base pairing probabilities and the minimum free energy (mfe) for each sub-loop was calculated by summing up both free energies of the stack and the loop.
Results
Construction of HBsAg (AOX1) P. pastoris clones
An expression vector, pPIC3.5K-HBsAg, which consists of a functional HBsAg gene, selective marker (Geneticin) and AOX1 promoter was successfully transformed into P. pastoris GS115 strain ( Figure 1) . A second expression vector, pAO815-HBsAg, incorporating the same functional HBsAg gene and selection marker was transformed into P. pastoris KM71 strain that utilizes AOX2 promoter. The presence of HBsAg inserts in transformants was verified by direct PCR amplification (Figure 2 ).
Fed-batch production of HBsAg in shake flasks
The culture behavior of recombinant P. pastoris GS115/ pPIC3.5K-HBsAg was investigated by carrying out two-phase fed-batch fermentation in BMGY medium. The cells were grown exponentially until the depletion of glycerol in the media after 72 h (point 0, Figure 3A ), corresponding to a cell biomass measurement of 6.64 g L -1 DCW. Upon depletion of glycerol, expression of HBsAg under the AOX1 promoter was induced with methanol. After the exposure of P. pastoris cells to methanol as the sole carbon source, the biomass concentration was observed to have slightly declined, but growth resumed after a short period of adaptation. Sample aliquots were taken daily from the cultures for the determination of HBsAg levels using ELISA assays. Results from the ELISA assays showed no detectable expression of HBsAg in the non-induced Figure 5A ). Two additional oligomers of different sizes were also detected at 60 kDa and 89 kDa respectively, and these bands may correspond to multiple aggregates of HBsAg that were not fully denatured. The presence of dimers and oligomers suggests oligomer formation resulting from intermolecular disulfide bond formation in our pPIC3.5K-HBsAg expression system in P. pastoris.
Relationship between Mut phenotype and expression levels
Production of the HBsAg protein was investigated further by comparison in both Mut + (pPIC3.5K-HBsAg in GS115) and Mut S (pAO815-HBsAg in KM71) backgrounds ( Figure 3A and 3B) a nearly 13 times higher volumetric productivity in the first 24 h and at peak product concentration, 35 times higher volumetric productivity was observed as compared to Mut S expression. Specific productivity was nearly 15 times higher when compared to the Mut S expression at peak product concentration.
mRNA secondary structure and minimum free energy prediction
The optimal secondary structures of mRNA and their respective mfe (from the translation initiation site) were predicted based on the nucleotide sequences of both AOX1 (Mut + ) and AOX2 (Mut S ) promoters incorporating HBsAg gene sequence ( Figure 6 ). Formation of a hairpin loop and a long hairpin/stem loop were observed in AOX1 and AOX2 structures respectively. Both the Kozak sequence and start codon were seen to be in a closed configuration. The mfe for each secondary structure was calculated in terms of Gibbs energy (ΔG) by summing up both free energies of the stack and the loop corresponding to ΔG = −15.90 kcal/mol for Mut 
Discussion
Present day fed-batch fermentation of recombinant proteins using an AOX1 expression system mostly consists of three to four distinct phases, especially for recombinant protein production involving large scale batch fermentation, mainly to reduce proteolysis and cell death [10, 11] . In contrast to these multi-phase strategies, our study has successfully shown that a simplified two-phase fed-batch could be adapted and used to achieve a high level of recombinant protein production. Our expression system includes only a glycerol batch phase to generate sufficient biomass followed by direct transfer to the induction phase with daily methanol feeding as the sole carbon and energy source for the remainder of cultivation in a shake flask system. Results obtained showed that the adaptation of glycerol fed-batch phase to methanol was unnecessary as cell biomass maintained throughout the induction phase, which was similar to observations reported by other researchers [12, 20] . The Mut + cells were able to utilize methanol well upon transfer to media with methanol as the sole carbon source without the need for any dilution of biomass concentration. P. pastoris is known to be an obligate aerobe, making oxygen availability a factor of critical importance. In the past, in order to avoid oxygen limiting conditions in Pichia cultures, it was common practice for most protocols either to dilute and maintain cell biomass at low levels or to reduce methanol supply [13] . However, two studies have shown that reduced oxygen conditions may be advantageous for the production of recombinant proteins by using P. pastoris AOX1 expression system [17, 27] . A model explaining the relationship between specific growth rate and methanol concentration in P. pastoris suggested that the production of hydrogen peroxidase and formaldehyde metabolites is more dependent on methanol concentration than on oxygen intake [21] . Our two-step fed-batch Mut + fermentation system agrees with these findings, achieving high peak product concentration within a shorter period with no significant loss of cell viability and HBsAg production observed during the induction period. In addition, our experiment had a similar expression pattern to that found by other researchers using Mut + expression systems where the presence of HBsAg was detected as early as 24 h of methanol induction phase. However, when compared to the saturation rates of production, production of HBsAg in our system underwent exponential growth during the first 48 h and achieved near plateau production rate beyond 48 h until the end of the induction phase, which usually takes 70-96 h for other existing systems [8, 16] . In comparison to the Mut S phenotype, the Mut + was found to perform better by achieving peak product concentration more rapidly at 48 h (168 h for Mut S ) and obtaining higher volumetric productivity (35 times) and specific productivity (15 times) at peak product concentration, supporting the usefulness of the Mut + phenotype as an alternative for the production of recombinant HBsAg in P. pastoris. Ottone et al. [8] had previously demonstrated that Mut + was able to express HBsAg with similar productivity amongst Mut S when maintained at limited growth during induction in bioreactors. In this study, a faster production rate was achieved at 70 h with nearly 3 times higher volumetric productivity and specific productivity was increased 2 times higher in the Mut + phenotype.
The production level of HBsAg obtained in our study (26. 07 mg L -1 in 48 h) is similar to slightly higher to the levels of HBsAg produced by other expression systems using the shake flask system in the literature. In Mut + AOX clones of P. pastoris, HBsAg levels were produced at 10 mg L -1 of fermentation yield [8] . Mut S phenotype in P. pastoris expressed HBsAg under 6 µg g -1 in a fedbatch fermentation [13] and 14 mg L -1 with the addition of basal salts [28] . In tobacco cell suspension cultures, HBsAg production achieved 2 µg g -1 of HBsAg fresh weight [29] . Cell suspension cultures of soybean were reported to produce a maximum of 20-22 mg L -1 of HBsAg [30] . Constitutive expression of HBsAg in recombinant Saccharomyces cerevisiae generated approximately 10 mg L -1 by fed-batch fermentation [18] . Successful production of HBsAg in the Mut + phenotype may be attributed to its efficiency at processing methanol, used not only as carbon source for growth but also as the inducer for recombinant protein expression [12] .
However, the differences in HBsAg production levels may also be due to the influences of different expression cassettes used, gene dosage and growth conditions [31] . It has also been previously reported that the secondary structures at the translation initiation region of mRNA plays a crucial role in determining the efficacy of gene expression [32, 33] . To this end, we investigated this possibility by comparing the effects of mRNA secondary structure with both AOX1 and AOX2 expression cassettes from Mut + and Mut S phenotypes respectively carrying the HBsAg gene sequence, by looking for differential expression of HBsAg recombinant protein in P. pastoris. The role of secondary structure in translation initiation and its effect in higher expression have been studied by several researchers [34, 35] . Besides the known importance of Kozak sequences and correct start codon in ensuring efficient translation of proteins, secondary structure of mRNA was proposed to be able to severely affect gene expression by influencing translation initiation efficiency [32, 33] . As translation initiation starts by recognition and base pairing of the Kozak sequence by ribosomes, translation occurs with the recognition of the start codon. Selection of the start codon determines the reading frame which is normally maintained throughout all subsequent steps in the translation process, and protein synthesis is often regulated at the level of initiation [32] . Bioinformatics analysis of the HBsAg gene sequence revealed that the Kozak sequence and start codon of AOX1 were located at the beginning of a short single hairpin loop structure that was exposed for active translation whilst for AOX2 the three bases of the Kozak sequence and the start codon were located at the end of a long stem loop. The occurrence of the Kozak sequence and start codon in the downstream long stem loop of the AOX2 mRNA secondary structure would inevitably have to be melted to allow for the recognition of the AUG triplet by advancing 40S ribosomal subunits and thus, reduces the efficacy of the ribosomal subunits to recognize initiator codons for proper translation. On the other hand, due to the kinetics of ribosomal scanning; anything that slows scanning may also enhance recognition of the start codon. However, this facilitating effect of a slower scanning would only be advantageous up to a certain extent, as anything further may encourage initiation at spurious upstream sites [33] . Findings from several studies also suggest that the presence of stem loops in close proximity after the start codon on its own would be sufficient to cause reduction of expression [36] [37] [38] and translation may fail completely when a stable long stem loop blocks access to the first AUG start codon [35, 39] . This may explain the higher production of recombinant protein that has occurred with our AOX1 Mut + expression system. In contrast, there have been other reports of the facilitating effect on translation initiation due to the presence of a hairpin/stem loop, which was shown to be highly dependent on its positioning (preceding 14 nucleotides downstream from the start codon) [33] . In this matter, AOX2 appears to comply with this criterion, with the formation of a small hairpin loop by nucleotides of position 9 to 13 from the start codon.
The efficiency of translation determined by the mRNA secondary structures of the two AOX cassettes were further evaluated based on mfe prediction. The split up energy of mfe for AOX1 and AOX2 containing HBsAg sequence were predicted to be at (calculated Gibbs energy of formation) ΔG = −15.90 kcal/mol and -27.30 kcal/mol respectively. Therefore, the significant differences in free energy shown by the two promoters may reflect the decrease in translation efficiency of the two expression vectors as stability of the mRNA secondary structure greatly increased for AOX2. Mfe prediction is the most common method for predicting secondary structure when only a single sequence is known for a given function [40] . This is accomplished by determining the lowest folding free energies for all sequence fragments of the complete sequence and the pairing probability of each predicted base pair [40] . In principle, the prediction method relies on approximations of the sequence dependence of stability for the various motifs found in RNA [40] . It was suggested that translation initiation was directly coupled with the free energies present within the mRNA secondary structure regions [41] . In an approach by de Smit and van Duin [41] to study the stability of a local secondary structure and the level of gene expression using an in vivo model, it was observed that between the stabilities of ΔG = −10 and −25 kcal/mol, translation efficiencies remained consistent while a dramatic inhibition of translation was observed as stabilities increased from ΔG = −25 to −40 kcal/mol. This reduction in protein translation may be due to the need for the same amount of energy to destabilize the mRNA secondary structure so that it can bind with the ribosome during initiation. Accordingly, an increase in ΔG = −1.4 kcal/mol could correspond to the reduction by a factor of 10 in initiation rate that led to a decrease by a factor of 500 in expression. In the production of proinsulin using COS cells, Kozak [35] demonstrated that translation was not impaired under normal growth conditions, when the ATG codon was directly involved in a moderately stable hairpin (ΔG = −30 kcal/mol) in mutant B13hp. However, the more stable stem-and-loop structure (ΔG = −50 kcal/mol) in B35hp reduced the yield of proinsulin by a factor of at least 20. It was assumed that the migrating 40S ribosomal subunit can melt moderately stable duplexes, but stalls at structures with higher free energy (ΔG = −50 kcal/mol) that resist unfolding. It is evident that there is a strict correlation between translational efficiency and the stability of the mRNA secondary structure. Since P. pastoris is one of the major protein production hosts, a detailed understanding of the regulation of its most commonly used promoter at a molecular level could be considered as one determining factor for optimization of protein production processes, depending on the requirement of the objectives. For example, stronger variants would be useful for the expression of non-toxic proteins, as in the case of reporters where fewer copies of the expression cassette would be sufficient to obtain a maximum of expression. Weaker variants could be favorable for the expression of proteins that would cause deleterious effects on the host cell.
A slower growth rate has previously been recommended as a prerequisite during methanolinduced expression of HBsAg from the AOX1 promoter in P. pastoris for essential particle assembly [16, 42] . This was, however, based on the observation that the relatively fast growing Mut + phenotype was only able to produce HBsAg particles equivalent to just a fraction of that produced by the relatively slow growing Mut S phenotype [16] . There has been no direct evidence to correlate host growth rate to HBsAg particle formation. Vassileva et al. [13] argued that particle assembly occurs with a high degree of efficiency with P. pastoris growing in enriched medium and further deduced that particle assembly appeared to be a spontaneous process. Particulate formation was found to happen spontaneously just after the period of cell extraction, releasing assembled HBsAg protein [43] . In our findings, a mixture of HBsAg forms was produced during Mut + expression (monomers (24 kDa), dimers (48 kDa) and oligomers (60 and 89 kDa)) and they show similar protein profile as compared to HBsAg expressed from the Mut S phenotype. Therefore, it is interesting that multiple bands were detected in our study, suggestive of the occurrence of particle assembly in the expression of HBsAg using the Mut + phenotype expression system. There was minimum presence of monomeric HBsAg detected in the cell extracts produced by Mut + relative to that of Mut S expression, taken to indicate that the Mut + system is capable of assembling HBsAg quite efficiently. Our study was able to recover oligomers and dimers of recombinant HBsAg, with dimers in abundance, and this is different from the sole monomeric form obtained by an earlier study [16] . The presence of the monomeric and dimeric forms of HBsAg proteins in the Mut + expression may be explained by an over-expression of HBsAg by multi-copy transformants exceeding the maximum capacity of the particle assembly process leading to the mixed production of different forms [13] . For yeast-derived HBsAg, the extent of disulfide bonding varies. For instance, Wampler et al. [44] reported the entire antigen generated existed in a monomeric, lipidassociated form whereas others have obtained dimers and higher multimers in addition to monomers [45] . It was reported that intra-chain and inter-chain disulfide linkages between dimers and higher multimers are responsible for stabilizing the mature three-dimensional structure of HBsAg particles, similar to the plasmaderived antigen [8] . Tleugabulova et al. [43] found that a large portion of yeast-derived HBsAg (about 40%) is irreversibly aggregated in the crude material, with apparent preservation observed indicating that folding of HBsAg precedes aggregation. HBsAg is initially liberated from yeast cells in a non-disulfide-bonded aggregate of monomeric units, and disulfide bonds form spontaneously between antigen subunits converting the antigen into dimers, further creating larger aggregates by the formation of disulfide linkages between the formed dimers, thus giving rise to a mixture of heterogeneous particles [44] . Further work needs to be done now using the Mut + expression system to better characterize the presence of the assembled particles.
The recombinant HBsAg produced in our study is probably a non-glycosylated protein; analysis on SDS-PAGE would have shown higher molecular weight for the monomeric form (28 kDa) and dimeric form (56 kDa) if glycosylation had occurred and confirms the absence of glycosylation on the S domain of HBsAg expressed in P. pastoris [8, 46] . Regardless of the absence or presence of glycosylation, HBsAg could form its typical structure (22-nm particle) with strong immunogenicity [46] . More importantly, dimer production has been correlated with the amount of soluble HBsAg present, and are the building blocks for the assembly of HBsAg into the particulate form virus-like particles (VLPs), which are highly immunogenic and capable of eliciting potent neutralizing antibodies [20] .
Conclusion
In this study, a simple two-phase fed-batch strategy for HBsAg expression using pPIC3.5K-HBsAg with Mut + AOX1 promoter was found adequate to significantly produce recombinant HBsAg at a higher production level, which was achieved in a shorter time period relative to Mut S expression. Peak product concentration (6.74 g L -1
DCW and 26.07 mg/L of HBsAg) was achieved as early as 48 h, which leads to a 120 h reduction in production rate when compared to the Mut S phenotype. Notably, a clear difference in terms of volumetric productivity and specific productivity were observed depending on phenotype. The Mut + phenotype demonstrated 35 times and 15 times increases of these two parameters compared to the Mut S phenotype at peak product concentration. HBsAg produced by Mut + expression consists of a mixture of HBsAg forms similar to the protein profiles of Mut S expression, with the dimeric form constituting a higher percentage in production, which is suggested to be important for the generation of highly immunogenic particles. Contrary to previous studies, slow growth rate of the host does not appear to be essential for particle assembly and the transition phase during the change of carbon source from glycerol to methanol was found to have little effect on cell growth and expression of HBsAg. In silico analysis of the effect of AOX1 and AOX2 mRNA secondary structures in relation to HBsAg gene expression (structure folding and mfe prediction during translation initiation) revealed that there is considerable influence of the HBsAg gene on the folding stability of the mRNA secondary structures of the two AOX promoters. This suggests that the choice of AOX for expression may be dependent on the gene of interest. In our study, the Mut + phenotype was observed to be better suited for HBsAg expression under shake flask conditions possibly due to lower stability of the mRNA secondary structure, facilitating translation initiation. Lastly, our proposed approach provides a promising alternative in fermentation procedures, making it more economical by decreasing production time and improving associated costs for HBsAg protein expression in P. pastoris, thus producing high quality yield for in vitro diagnosis and vaccine development.
